Objective: The aim of this study was to determine the relationships among dietary protein source, cardiovascular risk, reproductive hormones, and ovarian aging.
D
uring the menopausal transition and postmenopause, risk factors for cardiovascular disease (CVD; eg, increased plasma lipids, carotid artery intimal thickness, markers of inflammation, and metabolic syndrome) have been reported to increase, 1<6 and an increase in CVD risk is observed postmenopausally. 7 Recently, it has been observed that early follicle decline in younger women is associated with increased CVD risk (eg, increased total and low-density lipoprotein cholesterol levels). 8 Determination of mediators that either reflect early ovarian aging or hasten the onset of menopause could facilitate the identification of premenopausal women at risk for postmenopausal CVD. Unfortunately, factors influencing the tempo of ovarian aging (ie, the rate of follicle loss) within an individual (and thus leading to the interindividual variation observed in the age at menopause) are not well understood currently. Although it is generally accepted that the loss of ovarian hormones and some environmental conditions (eg, an imprudent diet) are associated with and precede CVD in women, the exact nature of these relationships is relatively unexplored.
It has been reported that È50% of interindividual variability in age at menopause can be attributed to genetic effects, 9 with the remaining variability reflecting various environmental factors. Research on lifestyle characteristics that might predict the age of menopause 10<12 has produced inconsistent results beyond showing that cultural and ethnic variables may play a role 13 and that smoking decreases the age at menopause. 14, 15 With the exception of a well-described hereditary disorder in galactose metabolism resulting in premature ovarian failure, 16 relatively few studies have explored directly the effect of dietary components (such as protein source, effect of isoflavones [IFs] , and cholesterol content) on ovarian aging in women.
17<19
It is well known that diet has a profound impact on cardiovascular health, and it was recently reported that women in the Framingham Heart Study who had an increased cardiovascular risk profile (eg, increased cholesterol, high blood pressure, and being overweight) had a younger age at menopause. 15 The authors suggested that because ovaries are highly vascularized, diet-induced atherosclerotic blockage in the arteries supplying blood to the ovaries may increase the speed of ovarian aging and thus decrease the age at menopause.
In the study presented here, we report the effect of diet, either plant (soy with IFs) or animal (casein-lactalbumin [C/L]) based, on ovarian aging (follicle counts) in monkeys. In addition, several potential mediators of the dietary effect (lipids, markers of inflammation, and hormones) were also evaluated. The data presented here are from a retrospective study of female monkeys used in an investigation of the effects of soy, life stage (premenopausal vs postmenopausal), and stress on atherosclerosis progression. 20<23 As such, the diets were specially formulated to model Btypical[ American consumption and to allow the development of atherosclerosis in this monkey model. In addition, the use of this diet allows the investigation of ovarian aging in monkeys in a dietary context similar to that experienced by many American women.
METHODS

Animal subjects/diet
The data presented here were from a retrospective study of 61 female monkeys that were used in a larger (n = 95) investigation of the effects of soy, life stage (premenopausal vs postmenopausal), and stress on atherosclerosis progression.
20<23
Briefly, subjects were cynomolgus macaques (Macaca fascicularis) originally imported as adults from Indonesia (Institute Pertanian Bogor). Adult status was confirmed by dentition and evidence of epiphyseal closure, and the average age was estimated to be 9 to 15 years, equivalent to approximately 27 to 45 human years. 21 For 8 months after quarantine, the monkeys were fed an IF-free semipurified diet containing C/L and wheat flour as sources of protein, as well as added cholesterol. Social groups of monkeys were then randomized to one of two treatment groups, stratified for body weight (BW) and plasma lipids (total plasma cholesterol [TPC] and high-density lipoprotein cholesterol [HDL-C]) as follows: (1) diet containing C/L as the major protein source (C/L group, n = 29) or (2) diet containing soy with IFs as the major protein source (soy group, n = 32).
All diets were prepared in the Wake Forest University Primate Center diet laboratory and were formulated to be equivalent for cholesterol (0.28 mg/cal for the first year and then 0.20 mg/cal for the next 2.5 y) and macronutrient (protein, fat, and carbohydrate) content (Fig. 1) . DL-Methionine was added to the soy-containing diets to make the content of the sulfurcontaining amino acids comparable with that of the C/L diet. The monkeys were fed 120 cal of diet per km BW daily. To adjust for differences in the metabolic rate between monkeys and women, a woman's equivalent dose of soy IFs was calculated based on the average woman consuming approximately 1,800 cal/day. Therefore, the monkeys in the soy group were given 139.5 mg IF/1,800 cal of diet per day, which equates to 9.3 mg IF/kg BW per day (female monkeys consume, on average, È360 cal/d, or one fifth that of the average woman). All procedures were done in compliance with state and federal laws, standards of the US Department of Health and Human Services, and regulations and guidelines established by the Wake Forest University Animal Care and Use Committee. Wake Forest University is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.
Ovarian follicle number
After 32 months of consuming the experimental diets, all monkeys underwent removal of both ovaries via laparotomy. The ovaries were trimmed of fat and fixed in Bouin solution (75 mL picric acid solution [1.3%], 25 mL formaldehyde [37%], and 5 mL glacial acetic acid) for 24 hours and then transferred to 70% ethanol. One ovary from each monkey was transferred to the University of Arizona for follicle counting (P.B.H.). The ovaries were sectioned serially (every 4-5 Km), and every 50th section was saved, placed in order of sectioning on glass slides, and stained with hematoxylin and eosin. Although the total number of sections per ovary varied from 2 to 10 depending on individual differences in ovarian size, the number of sections collected for both the soy and C/L groups was equivalent (median number of sections = 7, P = 0.44), indicating that variability in ovarian size was similar in both treatment conditions. As published previously, 24, 25 follicles were classified and counted in every 100th section, and only follicles with an oocyte nucleus were counted. Data are reported as total follicles counted per ovary (ie, the sum of all follicles in each section counted per ovary). Follicles were classified as primordial (oocytes surrounded by a single layer of flattened granulosa cells), primary (oocyte surrounded by a single layer of cuboidal granulosa cells), or secondary (oocytes surrounded by two or more layers of cuboidal granulosa cells). 26 In support of counting follicles in every 100th section of ovary are data from a previous study 24 in which we found that there was no change in the rank order of monkeys on the basis of their primordial follicle count whether every 100th section or twice that number (every 50th section) was counted. In addition, the relative effect of treatment with a compound known to destroy primordial follicles is identical whether follicles are counted every 50th or 100th section. The same relationships were true for primary and secondary follicles.
Reproductive hormones
All samples for hormone measurement were collected between 9:00 A.M. and 12 noon, after an overnight fast. Blood samples were stored at j20-C or below until assayed (Biomarkers Core Lab, Yerkes National Primate Research Center of Emory University, M.E.W.). Antimüllerian hormone (AMH) determinations were done at baseline (È6 mo) and at the time of ovariectomy (32 mo 27 no problems with the cross reactivity between DSL's ultrasensitive assay and the AMH of cynomolgus macaques were encountered in the study presented here. The coefficients of variation (CVs) were the following: intra-assay CV, 4.53% at 13.62 ng/mL; interassay CV, 19.75% at 0.23 ng/mL, 11.42% at 9.61 ng/mL, and 11.27% at 1.89 ng/mL. Estradiol (E 2 ) was measured on the day of ovariectomy by a modification 28 of a commercially available radioimmunoassay from Diagnostic Products Corporation (Los Angeles, CA). Intra-assay and interassay CVs were less than 4% and 10%, respectively.
Androstenedione was quantified by radioimmunoassay with commercially available kits (DSL) using antibodycoated tubes (Coat-A-Count, Diagnostics Products Corporation). Interassay CVs for androstenedione were 12.06% at 1.07 ng/mL and 13.34% at 5.48 ng/mL. The intra-assay CV was 11.21% at 1.01 ng/mL. Testosterone concentrations were measured using a commercially available kit (DSL). The interassay CVs for testosterone were 5.95% at 0.68 ng/mL and 4.14% at 5.67 ng/mL. The intra-assay CV was 6.3%.
Cardiovascular risk markers Plasma lipids and lipoproteins
Plasma lipids and lipoproteins were measured at baseline, at 12 months, and at the time of ovariectomy (32 mo). TPC and HDL-C concentrations were measured at the Wake Forest University Primate Center using enzymatic methods on the Ace Alera analyzer (Alfa Wassermann, West Caldwell, NJ), with protocols and reagents supplied by Alfa Wassermann (intra-assay CV was 3% and interassay CV was 5%). Non-HDL-C (low-density lipoprotein + veryYlow-density lipoprotein) concentrations were calculated using the above data.
Iliac artery atherosclerosis
To determine change in atherosclerosis extent during the 32-month experimental period, a paired artery, the common iliac artery, was collected from each monkey at the time of ovariectomy. The common iliac artery has been shown previously to have essentially the same plaque sizes in the left and right arteries (r = 0.97) and to be highly associated with coronary artery plaque extent (r = 0.71). 23, 29 The methods used for collection and atherosclerosis determination, as well as the differences between the diet groups, have been published previously. 30 Briefly, based on a considerable amount of archival data indicating that monkeys have undetectable atherosclerosis before the initiation of an atherogenic diet, all animals were assigned an initial (baseline) atherosclerosis value of 0. The contribution of diet to atherosclerosis extent was determined by measuring each monkey's plaque area in the left common iliac at the time of ovariectomy. The extent of atherosclerosis was measured as the crosssectional area of plaque in one section of the artery as described previously. 30 
Markers of inflammation
Monocyte chemoattractant protein-1 (MCP-1), C-reactive protein (CRP), and interleukin-6 (IL-6) were assessed from serum collected at baseline and at ovariectomy (ie, after 32 mo of treatment). MCP-1 and IL-6 were analyzed with a commercially available ELISA (R&D Systems, Minneapolis, MN). 31 CRP was measured using a commercially available ELISA (Alpco, Salem, NH). 31 For these measurements, intraassay and interassay CVs were 10%.
Serum IF measurements
Serum was collected from all monkeys 4 hours after feeding at two time points (7 and 19 mo after the beginning of feeding experimental diets), and the mean total serum IF was determined. Serum IF and IF metabolite concentrations were determined by liquid chromatography-mass spectrometry (A.A.F.) 32 ; details including detection limits and interassay and intra-assay CVs for IF measurements have been described previously. 30 
Data analysis
The main outcome variable in this study was follicle counts. The distribution of the three types of follicle counts is highly skewed. Thus, square-root transformation was used throughout the analyses to achieve normality, an assumption required for linear regression analysis. For each follicle type, a linear regression model was fit to assess the effect of diet, social status (a demonstrated modifier of atherosclerosis in socially housed monkeys 33 ), and potential interactions between diet and social status. The interaction effect and the main effect of social status were examined using F tests and were not statistically significant. Therefore, social status was removed from subsequent analyses of follicle counts.
AMH is an indirect marker of follicle numbers in cynomolgus monkeys 25 and was measured at both baseline and at the end of the experiment. Using a linear regression model, which included the main effect of diet, AMH, and their interactions, we found that significant AMH-by-diet interactions were present in the primordial and the secondary follicle counts but not in the primary follicle counts. To illustrate this interaction effect, the correlations between AMH and follicle counts were reported separately for the C/L diet and the soy diet groups. Finally, we used two sets of models to examine the effect of various factors on the association between diet and the follicle counts. These factors included iliac artery atherosclerosis, plasma lipids, reproductive hormones, and markers of inflammation. The first model contained only the main effect of diet and yielded an estimated total effect of diet on follicle counts. The second model contained the main effect of both diet and a factor of interest (eg, iliac artery atherosclerosis and plasma lipids) and yielded an estimated direct effect of diet on follicle counts. The difference between the total effect and the direct effect is indicative of the indirect, or mediational, effect that a factor of interest has on the association between diet and the follicle counts. 34 Because iliac artery atherosclerosis extent was associated with diet in this study and in previous cynomolgus monkey studies, 30, 35, 36 we investigated further its potential to explain the differences in follicle counts observed between the two diet groups. A bootstrapping method was used to estimate the indirect effect of atherosclerosis as a potential mediator. Confidence intervals were set at 95% and calculated to examine if the indirect effect was significantly different from 0.
All analyses were done using SAS v9.1.3 (SAS Institute, Cary, NC). Significance was defined as P G 0.05. (Fig. 2) . Because an ovary was not collected at baseline, preexperimental follicle counts could not be determined, and consequently, a surrogate marker of follicle number, AMH, was used to determine whether follicle counts differed at baseline. We have reported previously that AMH is highly associated with all follicle classes (ie, primordial, primary, and secondary; r 9 0.60, P G 0.001 for all) in cynomolgus macaques. 25 At baseline, there was no significant difference in AMH concentration between the diet groups (C/L, 2.8 T 0.36 ng/mL; soy, 3.0 T 0.36 ng/mL; P = 0.77), indicating that follicle numbers were similar in both groups. At the end of the experimental period, mean AMH was slightly lower in casein-fed monkeys, but the difference was not statistically significant (C/L, 5.2 T 0.6 ng/mL; soy, 6.3 T 0.6 ng/mL; P = 0.18; Fig. 3) .
RESULTS
Ovarian follicle number/AMH
AMH was highly correlated with all follicle classes among C/L-fed monkeys (primordial r C/L = 0.78, primary r C/L = 0.66, secondary r C/L = 0.79; P G 0.001 for all). However, among soy-fed monkeys, the correlations were numerically lower and, in fact, were clearly significant for primary (r soy = 0.47, P = 0.005) and secondary (r soy = 0.45, P = 0.007) follicles but not for primordial follicles (r soy = 0.31, P = 0.07). To more accurately assess the difference in correlations of AMH with follicle counts between the diets, a linear regression including the main effect of diet, AMH, and their interactions was performed. Significant AMH-by-diet interactions were present in the primordial and the secondary follicle counts (indicating differences between the two diets) but not in the primary follicle counts.
Reproductive hormones
At the time of ovariectomy, there was no significant difference in E 2 concentration between the soy-and C/L-fed monkeys (C/L, 18.4 T 2.7 ng/L; soy, 32.0 T 11.8 ng/L; P = 0.64). No significant associations between E 2 or androgens (testosterone and androstenedione) and any of the follicle classes were observed, regardless of whether the data were analyzed for all monkeys or by diet group (P values 9 0.05). 
Cardiovascular risk markers Plasma lipids, lipoproteins, and iliac artery atherosclerosis
Mean plasma lipid/lipoprotein concentrations and iliac artery atherosclerosis extent for all monkeys in the larger study (n = 95) have been published previously. 30 The mean values for animals in this study (n = 61) were similar and are shown in Table 1 . Briefly, C/L-fed monkeys had a more atherogenic lipid/lipoprotein profile (higher TPC, higher non-HDL-C, and lower HDL-C levels; P G 0.01 for all). Similarly, iliac artery atherosclerosis extent (artery plaque size/ intimal area) was greater in C/L-fed monkeys than in soy-fed monkeys (P = 0.01). The mean intimal area was 0.48 mm 
Markers of inflammation
For the most part, circulating inflammation markers (CRP, IL-6, and MCP-1) were not different between diet groups (Table 1) . C/L-fed monkeys experienced a 15.3% increase in MCP-1 from baseline compared with a 6.7% increase from baseline in the soy group (P = 0.2). No significant associations were found among any follicle types with CRP, MCP-1, or IL-6 (P 9 0.05 for all).
Serum IFs
As previously described, 30 total serum IF concentrations were significantly increased in soy-fed monkeys compared with C/L-fed monkeys (soy, 713 T 61 nM, vs C/L, 25 T 8 nM; P G 0.0001). Mean values for IF concentrations (nM) in the soy group were as follows: daidzein, 114 T 16; and genistein, 115 T 17. Among those fed soy protein, there was no association between total serum IF concentration and any of the follicle types (P 9 0.77 for all).
Relationships between follicle counts and potential explanatory variables
We used the approach described above (BData analysis[ in the BMethods[ section) to identify the potential mediators that might explain the observed differences in follicle counts between the diet groups. After fitting a regression model with only diet groups to obtain an estimated total effect of diet on follicle counts, the following variables were added separately to the above regression model to obtain the estimated direct effect of diet on follicle counts: iliac artery atherosclerosis, all lipids, CRP, IL-6, MCP-1, androgens, and estrogen. There was a suggestion that iliac artery atherosclerosis may have contributed to the effect of dietary protein source on follicle counts. However, further tests of the indirect effects did not reach statistical significance. For example, the estimated indirect effect of atherosclerosis as a potential mediator on the square root of primordial counts was 0.41 (95% bootstrap CI, j2.10 to 3.79).
DISCUSSION
The present study provides evidence that the source of dietary protein, or IFs, affects ovarian reserve (follicle number) in cynomolgus monkeys. Monkeys fed a C/L-based diet had fewer primordial, primary, and secondary follicles than did their soy-fed counterparts after 32 months of consuming the diets. AMH concentrations did not differ between the groups at baseline, indicating that follicle number did not differ at baseline. Thus, it seems that either the C/L diet increased the tempo of ovarian follicle decline (eg, via reduced blood flow to the ovary because of atherosclerosis or the direct effects of diet-induced inflammation or oxidation) or the soy diet slowed the ovarian aging process (eg, via antioxidant or anti-inflammatory properties). With respect to CVD risk and inflammation markers measured in this study, C/L-fed monkeys did have a more atherogenic lipoprotein profile, increased iliac artery plaque size, and slight increases in MCP-1. However, none of these risk markers (considered individually) were significant mediators of the effect of dietary protein source on follicle count in this study. These results highlight the importance of nutrition with respect to ovarian aging, although the mechanism underlying this relationship remains to be determined.
Although iliac artery atherosclerosis extent did not explain the effect of diet on follicle counts in this study, we cannot rule out the effect of other CVD risk markers (ie, ovarian atherosclerosis or other CVD risk markers not measured here) on follicle counts and ovarian aging. The hypothesis that CVD risk could influence ovarian aging, rather than the reverse, was proposed by Kok et al 15 in a report of women in the Framingham Risk Study. Data were collected over a 12-year period from women (n = 695) aged 34 to 55 years, and cardiovascular risk markers (TPC, BW, Framingham risk score, change in lipids, and blood pressure) were measured at least twice per woman during the premenopausal phase. Among women in the study, 42% reported smoking during the time period proceeding menopause, and those women reached menopause approximately 1.6 years earlier than did nonsmokers. After adjustment for smoking, however, a subgroup of women with increasing TPC during the perimenopausal transition reached menopause approximately 2.6 years earlier for every 20 mg/dL increase in TPC. Conversely, among women with decreasing TPC during perimenopause, each 20 mg/dL decrease in individual TPC was associated with a 4.6-year delay in menopause. The authors suggested that increased atherosclerosis in arteries supplying the ovary, leading to decreased perfusion and ischemia, might be responsible for this finding. However, blood pressure seemed to be the largest determinant of menopause age in this population. When adjustments for smoking were made, women experienced a 7.38-year earlier menopause for each 10Ymm Hg increase in diastolic pressure, whereas menopause was experienced 2.48 years later for each 10Ymm Hg decrease in diastolic pressure. Unfortunately, blood pressure was not one of the cardiovascular risk factors measured in the current study, so it is unclear if blood pressure differences might have been correlated with ovarian follicle number.
There are many potential confounders in the abovementioned study, and they are outlined in an editorial suggesting that because risk measurements were taken after the hormonal changes characterizing the perimenopause had already begun, it was impossible to distinguish between cause and effect. 37 The risk-factor trends calculated in that study were based on an average of 4.9 measurements before menopause, corresponding to an average of 10 years of observation before the final menstrual period. These risk factor trends were thus measured in the late reproductive phase (ie, at a time when endocrine changes in the reproductive system may have already been in progress). Therefore, it cannot be known whether endocrine changes and risk factor changes simply occurred concurrently; whether risk factor changes influenced the endocrine changes in progress and thus changed menopause age, as the authors hypothesize; or whether endocrine changes both caused a change in risk factor levels over time and determined menopause age. Despite the controversial nature of these findings, these data suggest that it is possible that changes in cardiovascular risk factors could influence ovarian aging.
Although a casein-rich diet could have hastened follicular depletion through an increase in CVD risk factors, it is also possible that soy (protein or IFs or both) has beneficial effects on the ovary, thus slowing the rate at which primordial follicles are depleted. There are some data consistent with this hypothesis. For example, monkeys consuming diets that derive their primary protein from IF-rich soy meals have plasma concentrations of the soy metabolites (genistein, daidzein, and the nonsteroidal estrogen equol) several orders of magnitude greater than endogenous estrogen concentrations. 38, 39 These IF metabolites all bind to one or both of the >-and A-estrogen receptors and have both receptor-mediated and nonYreceptormediated biological effects. 40 These marked increases in plasma IFs and IF metabolites may be responsible, at least in part, for inhibiting ovarian aging. For example, IFs inhibit oxidative stress, which has been shown to affect the midluteal phase corpus luteum and its steroidogenic capacity of ovaries both in vitro and in vivo. 41 In addition, soy IFs have been shown to reduce certain markers of inflammation both in cynomolgus monkeys 31 and in human beings. 42 One set of studies assessing the effect of oral antioxidants on oocytes from aged mice is of particular interest. 43 Here, mice were supplemented with vitamins C and E starting either on the first day of weaning or from age 32 weeks until necropsy (40-62 wk). With both early and late administration of oral antioxidants, there was an increased percentage of normal oocytes and a decrease in apoptotic oocytes, indicating that dietary intervention counteracted some of the effects of ovarian aging. Nonetheless, despite intriguing findings in women 15 and experimental data from animals, the mechanisms underlying nutritional effects on ovarian aging are unknown. Hence, in the current study, it remains unclear whether C/L hastened follicular depletion, soy impeded it, or both.
The study presented here is not without limitations. Because an ovary could not be collected at baseline to determine pretreatment follicle counts, an indirect measure of follicle number (AMH) was used. Although AMH has been shown to be highly correlated with all follicle types in cynomolgus monkeys 25 and women 44<50 and should have provided reasonable evidence that the treatment groups were balanced at baseline, a direct measure of follicle counts would have been more reliable. Nonetheless, animals were assigned to dietary conditions using a structured randomization protocol that should have minimized preexisting differences. We note that we also observed an increase from baseline AMH in both treatment groups, which may have been due to travel-induced stress and follicle suppression just after arrival from Indonesia or, possibly, to degradation of AMH protein over time during storage. A second potential limitation relates to the method used to estimate follicle counts. Ovaries were serially sectioned, and follicles were counted in every 100th section. This method provides an estimate of follicle numbers from which relative differences between treatment conditions can be determined but does not provide true total follicle counts per ovary. A third limitation of the study relates to the need to use monkeys whose age has been estimated. Because ovarian follicle counts decline with age in both monkeys 51 and women, 52<54 it would have been preferable to use monkeys for which the exact age was known. However, the adult status of each monkey was confirmed by dentition and evidence of epiphyseal closure, and the average age of monkeys at arrival was estimated to be greater than 9 to 10 years, although equivalent for both treatment groups. Finally, because samples collected for E 2 measurement were not timed for a specific day of the menstrual cycle, associations between E 2 and follicle numbers may have been missed. A major strength of this study is the use of a controlled diet with complete adherence and the approximately 3-year treatment period (comparable to 9 y of a woman's experience).
CONCLUSIONS
The study presented here provides evidence that diet influences ovarian aging in cynomolgus monkeys. Monkeys consuming the animal proteinYbased C/L diet had significantly fewer follicles than did those consuming the soy proteinY based (with IFs) diet. Although the C/L-fed monkeys were at increased risk for CVD compared with their soy-fed counterparts (eg, they had increased plasma lipids, atherosclerosis, metabolic measures, and markers of inflammation), these differences in CVD risk did not account statistically for the difference in follicle numbers. Similarly, no associations among IF concentration (in monkeys fed soy), androgens, or estradiol with follicle numbers were seen, and the mechanism of the dietary effect on follicle counts remains undetermined.
